Nonlinear optical (NLO) crystals are very important optoelectronic functional materials and their developments have significantly contributed to the progress of laser science and technology for decades. In order to explore new NLO crystals with superior performances, it is greatly desirable to understand the intrinsic relationship between the macroscopic optical properties and microscopic structural features in crystals. In this paper, the applications of density functional theory (DFT) method to the elucidation of the structure-property relationship and to the exploration on novel NLO materials in the ultraviolet and infrared spectrum regions are reviewed. The great success in the linear and NLO property predictions has been achieved using the first-principles computational simulations, and the mechanism understanding obtained by various analysis tools can give substantial guidance to the search and design of new NLO crystals.
Introduction
In 1960, Maiman invented the first laser, 1 and shortly in 1961, Franklin observed the second harmonic generation (SHG) phenomenon in silicon dioxide. 2 Since then, stimulated by the rapid development of lasers, the nonlinear optics has become an increasingly attractive research field and largely promoted the progress of laser science and technology in return. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] In the nonlinear optical (NLO) processes, the NLO crystals play the vital role to broaden the spectral ranges of the laser to ultraviolet (UV), infrared (IR) and even Tera-Hz regions. The lasers in these regions are very useful for the industrial technology and scientific research, for example, the UV laser shows much advantage in ultrafine micro-manufacture and high-precision spectral analysis, and the IR laser exhibits wide application potentials in remote sensing and optical communications. Therefore, the NLO crystals with superior performances described below in these spectral regions are urgently demanded.
In order to effectively generate the coherent laser radiation in the UV region, the optical properties of a NLO crystal needs to satisfy some criterions. 13 Firstly, the crystals must possess a large energy band gap (E g ) to guarantee the optical transmission in UV region. Secondly, the SHG coefficient (d ij ) of the crystal must be large as possible, typically should be larger than 1 × KDP (0.39 pm/V), so as to obtain the high conversion efficiency. Thirdly, the crystal must have an appropriate birefringence (∆n = n max (λ) − n min (λ)) to achieve the phase-matching condition for SHG, where the n max (λ) and n min (λ) are the largest and smallest refractive index at the wavelength λ, respectively. In general, the birefringence for a UV NLO crystal should be larger than 0.060 and this value should be larger (e.g., > 0.075) for the deep-UV NLO crystals due to the steeper dispersion of refractive indices for the higher photon energy. However, too large birefringence is not good either, because it would result in the walk-off and self-focus effect which can reduce the conversion efficiency and damage the sample, respectively.
The requirements of optical performance for the IR NLO crystals are different.
14
Compared with UV region, the dispersive curve of crystal in IR region is flat, so generally the birefringence about 0.03 is enough to obtain the IR coherent wave generation by a NLO crystal. Meanwhile, in order to achieve the same conversion efficiency as in the UV region, the SHG effect in IR NLO crystal should be larger than 10 × KDP, since the efficiency is proportional to the d ij /λ. Another important optical parameter for the practical applications of IR NLO crystal is the laser damage threshold (LDT). Typically, the LDT value larger than 100 MW/cm 2 for a nanosecond laser is enough for almost all academic and commercial purposes in the current stage. Because the strong positive correlation exists between the LDT and energy band gap in a crystal (LDT ∼ 100 MW/cm 2 corresponding to E g ∼ 3.0 eV), the crystals with large LDT should possess wide energy band gap.
14 However, the increase of energy band gap usually results in the decrease of the NLO response in crystals. Therefore, it is a very important issue to achieve the balance between energy band gap and SHG effect for the explorations on good IR NLO crystals.
14 A thorough elucidation of the structure-properties relationship between the micro-structure and NLO performance has significant implications to the search and design of new NLO crystals. Indeed the discovery of a crystal with good NLO performance in tens thousands of materials just by "trial and error" method is a very huge task. The in-depth understandings of the mechanism how the struc-ture determines the NLO behavior would provide the research direction for the experimental explorations, and save enormous human and material resources. In the history of development of NLO crystals, a few theoretical models have been proposed such as Miller's rule, 15 anharmonic oscillator models, 16 the bond parameter and charge model, 17 charge transfer model, 18 and anionic group theory. 19 These models have successfully elaborated the structure-properties relationship in specific type of materials and greatly promoted the research of NLO crystals. However, in these methods the experimental data are inevitably introduced, so heavily affect the predicting capability of the empirical or semi-empirical models.
Thanks to the rapid development of computational method and supercomputer facilities, the first-principles methods, especially the density functional theory (DFT) based, have been applied to the research of NLO materials since the end of 1990s. The NLO coefficients, energy band gaps, refractive indices and birefringence can be calculated and predicted without any experimental data. More importantly, some computational tools have been developed to analyze the microscopic mechanism of the linear and NLO properties in UV and IR NLO crystals. 20 These studies have made significant contributions to the search and design of NLO crystals from the atomic scale.
In this review, our studies on the NLO crystals by the first-principles method are reviewed. In Sec. 2, the introduction of computational method based on DFT and the developed analysis tools are presented. In Secs. 3 and 4, the application of the first-principles method to the prediction and design of UV and IR crystals are introduced, respectively. Finally, the prospects of the first-principles method in the research of NLO crystals are proposed.
First-Principles Research Methods

Computational methods on optical properties based on DFT
To the present day, DFT is the most efficient method to determine the electronic ground states and has been successfully used to predict the various properties of the materials. 21, 22 However, the optical properties of materials are closely related to the electronic excitation. 23 The energy band gap prediction is a very difficult task for DFT because the exact exchange-correlation functionals are unknown: in local density approximation (LDA) 24 and general gradient approximation (GGA) 25 the predicted energy band gaps are always smaller than the experimental values, typically by around 40% for the wide-gap insulators. In recent years quite a few exchange-correlation functionals beyond LDA and GGA have been developed, such as HF (exact exchange, but no correlation), HF-LDA (exact-exchange, plus LDA correction), sX (screened exchange, but no correlation), and sX-LDA (screened exchange, plus LDA correlation) forms, 26 hybrid functionals with B3LYP (combination of HF exchange with DFT XC) 27 and PBE0 (combination of PBE functional with a predefined amount of exact exchange) forms. 28 Our tests have shown that for the UV and deep-UV crystals the energy band gaps predicted by the hybridized spanning less than 0.04Å −3 separation in the Brillouin zones were typically chosen. For the optical properties calculations, the number of electronic states in the conduction band (CB) was chosen as three times of the number in the valence band (VB). The convergence test revealed that the above computational parameters are sufficiently accurate for the study of NLO properties.
Based on the obtained electric structures, the imaginary part of the dielectric function ε 2 can be calculated from the electronic transition across the band gap caused by the interaction with photons, using the formula,
Here Ω is the volume of the unit cell and v and c represent the valence and conduction bands, respectively. ω andû represent the frequency and the unit vector in the polarization direction of the incident light. Under periodic boundary condition, | Ψ c k |û · r|Ψ v k | is the transition matrix element between a VB and a CB at a specific k point in the first Brillouin zone. By Kramers-Kronig transform, the real part of the dielectric function can be obtained from the imaginary part, and then the theoretical refractive index n and birefringence ∆n can be determined.
Without considering the dispersive effect, the NLO response in a crystal can be evaluated by the static limit of the SHG coefficient χ (2) . We implemented the formula proposed by Rashkeev 37 to calculate the static SHG coefficient, which is expressed as 38 :
where χ ijk (VE) and χ ijk (VH) are the contribution of the virtual electron and virtual hole process, respectively, and χ ijk (two bands) is the contribution of the two bands process. The exact expressions for the three terms are presented as follows: 
where i, j, k denote the Cartesian component, v and v ′ represent VBs and c and c ′ represent the CBs. P (ijk) denotes the full permutation. ℏω mn and p α mn are the energy difference and momentum matrix element between the electronic states m and n of the same k-point (k) which is not labeled for simplicity. Usually, the χ ijk is simplified to d il by a factor 1/2 (i.e., d il = 1/2χ ijk ) with the transformation relationship: 11 → 1; 22 → 2; 33 → 3; 23, 32 → 4; 13, 31 → 5 and 12, 21 → 6. Thus, the linear and NLO properties can be well determined by the above formula deduced from the first-and second-order perturbations on the ground electronic states, respectively, because intrinsically these optical properties are determined by the virtual electronic excitation processes.
The mechanism analysis tools
The accurately predicted optical properties provide us much confidence of the application of DFT to NLO properties. Accordingly, with the purpose to searching and designing for novel NLO crystals, we developed several useful tools to deeply investigate the structure-property relationship in NLO crystals, including the real space atom cutting technique 38 and SHG density.
39-41
Real space atom cutting technique
The real space atom cutting technique was developed to analyze the contribution of respective ions or ionic groups to the overall optical properties. 38 In this method, the whole real space of the crystal cell is partitioned into several union of individual sphere zones to the respective ions (groups). The sphere zones separated to the ions is mainly determined by the radius of the ions (the radii of the atoms contained in the groups) following the rule that the spheres should not be overlapping with each other. Regarding the contribution to the optical properties from a specific ion (or group), the wavefunction in the zones belonging to the other ions (groups) is set to zero (referred as "atom cutting") and band-to-band transition (momentum) matrix elements re-evaluated for a further polarizability calculation. The contribution of focusing ion (group) to the nth polarizability is χ n (X) = χ n (all the atoms are cutting except X) . of electronic orbitals to the SHG effect, we developed the SHG-weighted charge density analysis scheme. [39] [40] [41] In this methodology, the contribution to the SHG coefficient of all the occupied and unoccupied bands are determined by a "bandresolved" scheme 42 and the charge density of the bands is summed up by the SHGweighted factor and visualized in the real space. Thus, the orbitals dominantly contributed to the SHG coefficient are highlighted whereas those contributed less are not displayed. SHG density analysis is an efficient probe to directly identify the orbitals on which ions or groups contributed to NLO properties, namely hot-spots in real space, and further lead to deep understanding of the origins of the SHG effect in crystals.
Applications of DFT Method to UV and DUV NLO Crystals
Borate NLO crystals
Due to the good transmission in UV region and the diverse crystal structures, borates are always the research focus in UV NLO crystals field. Till now, except KDP, almost all the applicable UV NLO crystals are borates, e.g., BBO (β-BaB 2 O 4 ), 38 46 In these crystals, as shown in Fig. 1 the main structural unit are B-O groups, including the planar anionic (B 3 O 6 ) 3− rings, the continuous network of (B 3 O 7 )
5− groups and the (BO 3 ) 3− triangles interconnected by ( The calculated and measured optical properties for the above mentioned borates are listed in Table 1 . The good agreement validates the feasibility of plane-wave pseudopotential method to the optical properties of borates. According to the type of A-site cations, these borates can be separated into two categories: A-site cations are alkaline or alkaline earth cations (all mentioned borates except YAB and BIBO), and A-site cations are not alkaline or alkaline earth cations (YAB and BIBO). The real space atom cutting results are listed in Table 2 and some conclusion can be deduced. (1) For the crystals whose A-site cations are alkaline or alkaline earth cations:
Although the A-site cations make some contribution to the refractive index, they almost contribute nothing to the birefringence. This resulted from the fact that their electron clouds are nearly spherical and the responses to the incident light are almost isotropic. (i) The A-site cations contribute increasingly to the SHG response and birefringence with the increasing radii. For instance, in KBBF family crystals, K + contributes to no more than 1% and 5% to birefringence and d 11 in KBBF, while in CBBF, the contribution of Cs + to birefringence and d 11 are both around 20%. However, it should be emphasized in all crystals the alkaline or alkaline earth cations contribute no more than 20% to the birefringence and SHG response. (ii) The SHG response is mainly originated from contribution of B-O groups i.e., ( firm the conclusion from the anionic groups theory proposed by Chen, 19 which states that the macroscopic SHG coefficients are mainly determined by the microscopic second-order polarizability of the anionic groups in UV and DUV NLO crystals.
(2) For the crystals whose A-site cations are not alkaline or alkaline earth cations:
For the borates listed in Table 1 , in BIBO and YAB the A-site cations are Bi 3+ and Y 3+ , respectively. The first-principles electron structure calculation reveals that the distribution of charge density around Bi or Y is distorted from the spherical shape seriously, due to the strong covalent bond formed with the neighbor oxygen atoms. Consequently, in the atom cutting analysis, not isolated Bi 3+ and Y 3+ ions but the (BiO 4 )
5− quadrangular pyramids and deformed (YO 6 ) 9− octahedra were treated as the whole atom-cutting unit. The atom-cutting results on the two crystals revealed that (i) in BIBO, the coplanar (BO 3 )
3− groups contribute mostly to the birefringence, but the SHG response mainly originate from the (BiO 4 )
5− quadrangular and the contribution of (BiO 4 )
5− quadrangular to the SHG coefficient exceed 90%. The large SHG response of (BiO 4 ) 5− mainly result from the fact that (BiO 4 )
5−
groups is deformed tetragonals and the stereochemical long pair electrons exists in the bismuth cations.
(ii) In YAB, the Al 3+ cations almost contribute nothing to the birefringence and SHG coefficient. The birefringence mainly is mainly determined by the coplanar (BO 3 )
3− groups, while the SHG coefficient mainly comes from the (YO 6 ) 9− distorted tetrahedra. The large second-order susceptibility of (YO 6 ) 3− groups. This result is consistent with the conclusion deduced by the atom-cutting analysis. Figure 3 plotted the SHG density maps on the (BO 3 )
3− and Y-Al planes in YAB. Clearly, the SHG effect mainly comes from the contribution of the orbitals on the (BO 3 )
3− groups and (YO 6 ) 9− groups and the contribution of Al 3+ cations is neglectably small. This result verified the result obtained by atom cutting method, i.e., the SHG effect of YAB mainly originates from the (BO 3 ) 3− and (YO 6 ) 9− groups and the contribution of (YO 6 ) 9− octahedral is much larger than that of (BO 3 ) 3− triangles. Fig. 4) .
For decades, much theoretical effort have been devoted to go insight to the mechanism of the related properties of KDP. However, the ab initio studies were mainly focused on the electron structure and ferroelectric transition. 54, 55 So it is of great significance to explore the nonlinear optical properties by first principles calculation. 3− groups are also expected to be the good NLO microstructure unit since this planar triangle structure with π-conjugated molecular orbitals can produce the large second-order susceptibility and birefringence. In particular, the fluoride carbonates with the formula A l (CO 3 ) k F m (A = alkaline and/or alkalineearth metal elements) 11 invoke our specific interests because the introduced fluorine atoms and connection of between the atoms with relative strong electronegativity and terminal oxygen atoms of CO 3 groups are beneficial to the generation of large band gap. Recently, several carbonate crystals have been discovered, 11, 57, 58 showing good potential as DUV NLO crystals. However, in the initial stage of these material synthesis, only the small single crystals or powders have been obtained and it is difficult to perform the comprehensive assessment in experiment to evaluate their applying prospect in the DUV NLO field. In this case, the first-principles provide a rapid and effective way to investigate the prospect of these crystals in UV and DUV application.
After exploring all the carbonates in the inorganic crystal structure database (ICSD), seven noncentrosymmetric carbonates with the formula A l (CO 3 ) k F m were found, i.e., KCaCO 3 F, KSrCO 3 F, RbCaCO 3 F, RbSrCO 3 F, CsCaCO 3 F, Cs 3 Ba 4 (CO 3 ) 3 F 11 5 and NaCa 3 (CO 3 ) 3 F 3 · H 2 O 60 . The last one is not suitable for the DUV NLO application due to its hydration. The other six crystals were catalogued to three classes according to their structural features, as shown in Fig. 5 (a) the coplanar (CO 3 ) 2− triangles are flat-lying with the exact parallel orientation; 5(b) the coplanar (CO 3 ) 2− triangles are flat-lying with the partly antiparallel orientation; and 5(c) (CO 3 ) 2− groups are standing-on-edge with respect to the overall structural layering. The first-principles calculated and available experimental optical properties are listed in Table 4 , and their good agreement confirms the feasibility of plane-wave pseudopotential method in the fluoride carbonates. More importantly, according to the detailed comparison of the optical properties among the three types of carbonates, we can see that the fluorine carbonates with the (CO 3 )
2− groups in flat-lying structure always possess larger birefringence (> 0.1) and they are suitable to be the birefringent crystals which can be used for polarizers, beam displacers and beam splitters in the UV region. In contrast, the fluorine carbonates (Cs 3 Ba 4 (CO 3 ) 3 F 5 ) with (CO 3 )
2− groups in standing-on-edge arrangement has much smaller birefringence and is not suitable for the UV harmonic generation. All the fluorine carbonates with the (CO 3 )
2− groups in flat-lying structure have the that all of them cannot be used in the harmonic generation of the coherent light in DUV region. Driven by the idea to explore the NLO crystals having the larger band gap in fluorine carbonate, we studied the electron structures of the crystals in Sec. 3.3.1. According to the PDOS plotted in Fig. 6 , one can see that the O2s orbitals are located at the top of VB and hybridized little with other orbitals, so forming the non-bonding states (or dangling bonds) and determining the band gaps in the fluorine carbonates. We considered that these nonbonding states can be eliminated by the incorporating the cations with strong electronegativity and the band gaps would be very likely to reach the DUV region. With the guidance of this idea, we systematically substituted the Ca 2+ , Sr
2+
or Ba 2+ cations with Be 2+ and Al 3+ which have stronger electronegativity in the A l (CO 3 ) k F m family, and theoretically obtained two novel fluoride carbonates,
61
KBeCO 3 F and RbAlCO 3 F 2 . Both crystals are kinetically stable (i.e., no imaginary frequency were detected in the phonon spectra), and their atomic structure are displayed in Fig. 7 . The first-principles calculations reveal that both KBeCO 3 F and 
The Applications of DFT Method to IR NLO Crystals
Metal chalcogenides
Up to now, most of IR NLO crystals belong to the chalcopyrite structure, in which LiGaX 2 and AgGaX 2 (X = S, Se, Te) 62,63 crystals are the widely used IR NLO crystals due to the large SHG effect, good transmission in IR region and mature single-crystal growth method. As depicted in Fig. 8 , all the crystals share the sim- ilar structural feature: the gallium atoms are four-coordinated with X atoms and the cations are embedded in the cavity formed by the GaX 4 tetrahedra. It is interesting that the larger energy band gaps and smaller SHG effects are possessed in LiGaX 2 compared with their counterpart in the AgGaX 2 family. Meanwhile, the birefringence in the former is larger than that in the latter crystals. The calculated and experimental optical properties as well as the atom cutting analysis are listed in Table 5 . One can see that the calculated linear and NLO crystals are in good accordance with the experimental values, confirming the feasibility of the DFT method to both the two family crystals. 62, 63 According to the result of atom cutting analysis, in both families the birefringence and SHG coefficient mainly originated from the GaX 4 tetrahedral. This is because the Ga-X bonds possess much more covalent characteristic and exhibit much more optical anisotropy compared with the Li-X or Ag-X bonds. Moreover, the larger birefringence in LiGaX 2 than that of AgGaX 2 resulted from the fact that the GaX 4 tetrahedral are more deformed in the former than in the latter. However, the contribution of Ag + cations to the refractive indices and SHG coefficients are much more prominent than that of Li + . The detailed PDOS analysis reveals that in LiGaX 2 the orbitals on Li + cations almost contribute nothing to the electronic states in the top of VB. As comparison, a few Ag d-orbitals are located at both the top of VB and the bottom of CB, narrowing the energy band gaps in AgGaX 2 . Since energy band gap is inversely proportional to the SHG coefficient in the fifth power approximately [see formula (2) ], AgGaX 2 have the larger SHG effects than those in LiGaX 2 .
Apart from the LiGaX 2 and AgGaX 2 crystals, the DFT method also has been successfully used to investigate the NLO mechanism and evaluate the application prospect of many newly discovered metal chalcogenides, such as BaGa 4 Se 7 ,
64
BaAl 4 Se 7 , 65 Ba 6 Sn 6 Se 13 , 66 NaBa 4 Ge 3 S 10 Cl, 67 etc. These studies demonstrate the importance of DFT simulation method on the NLO crystal explorations in this materials field.
The structural selection of mid-IR halide NLO crystals
Up to now, the existing commercially used IR NLO crystals usually possess large SHG coefficient, such as AgGaX 2 (X = S, Se, Te), 68 ZnGeP 2 69 and LiBX 2 70 (B = Al, Ga, In and X = S, Se, Te). However, according to the formula (2), the larger SHG coefficients are usually accompanied by the small band gaps. It is well known that the laser damaging threshold (LDT) is closely positively related to the band gaps and small band gaps usually cause low LDT. Consequently, the key issue to exploring the NLO crystals in mid-IR region is to find the balance between the band gaps and SHG response. The relation between LDT and energy band gap plotted in Fig. 9 clearly shows that a mid-IR NLO crystal should have the energy band gap larger than 3.0 eV at best, if the LDT of the crystals needs to be larger than 100 W/cm 2 for a nanosecond laser. At the same time, to guarantee the high output The LDT is normalized to about 100 MW/cm 2 for a nanosecond laser (indicated by a red arrow) which is enough for almost all academic and commercial purposes.
power, the SHG effect in crystal should be larger than ∼ 10 × KDP. These technical parameters are good enough for almost all the current academic and commercial applications for mid-IR NLO crystals. Recently, several halide-based mid-IR NLO crystal are reported. These crystals possess good transmission in mid-IR region, relatively large SHG coefficient, moderate birefringence and high LDT. Furthermore, the structures of many halide-based materials are consistent with the criterion of the mid-IR NLO crystal with good performance. [71] [72] [73] [74] [75] However, the systematical studies on the optical properties and mechanisms in halide crystals, either experimentally or theoretically, are still lacking. Besides, many halides were just obtained in the form of powder or small single crystals which are impractical to perform the comprehensive experimental measurement. Therefore, the first-principles calculations can provide a rapid and efficient way to perform the performance assessment and give the insight to the structureproperties relation in these materials at atomic level.
14 Based on the structural features, the mid-IR halide-based crystals can be catalogued to four types according to the anionic groups [MX k ] (M = center cation, X = halide anion, k = 6, 4, 3 and 2, representing distorted octahedral, tetrahedral, triangular-pyramids and one-dimensional strings, respectively), and the corresponding basic structures are displayed in Fig. 10 .
The optical properties, including the energy band gaps, refractive indices, birefringence and SHG coefficients for the chosen mid-IR halide crystals were calculated, and the results are listed in 6 ] octahedra produce much smaller birefringence (∆n typically less than 0.01) that cannot satisfy the requirement for NLO output in the mid-IR region. The fluorides possess large energy band gap but small SHG effect, while the iodides possess large SHG effect but small energy band gap, so neither of them are not good candidates for mid-IR NLO applications. Instead, the basic units containing chlorine and/or bromine are preferred. Figure 11 displays the distribution of the band gaps and SHG coefficient of the crystals, which exhibits a negative correlation, demonstrating the tendency that a larger energy band gap would result in the smaller NLO effect in crystal. In particular, the yellow area in Fig. 11 indicates the preferred optical range for a good mid-IR crystal with energy band gap larger than 3.0 eV and SHG effect larger than 10 × KDP. The crystals Cs 2 Hg 3 Cl 3 , SbCl 3 ,SbBr 3 , NaSb 3 Br 10 and HgBr 2 are located in this area, and have the potentials for the comprehensive capability of NLO applications in the mid-IR region.
4.3.
The elucidation of the relationship between dipole moment and SHG effect in molybdenum tellurite crystals
The superposition principle of SHG effect states that the macroscopic SHG coefficients are the geometric superposition of the microscopic second-order susceptibility. This means that the microscopic dipole moments in parallel orientation are beneficial to the favorable superposition of the macroscopic second-order susceptibility. It was widely believed that the NLO responses are determined by the overall dipole moment in crystal. Thus, the explorations of novel NLO crystals have mainly focused on the crystals with polar space group. So far, quite a few polar molybdenum tellurites with large SHG effects have been discovered. also found that a series of non-polar molybdenum tellurite NLO crystals, including MgTeMoO 6 (MTM), CdTeMoO 6 (CdTM), ZnTeMoO 6 (ZnTM-1) (their crystal structures are shown in Fig. 12 ), possess very large SHG effect, but in those crystals the microscopic dipole moments of respective groups exactly counteract each other and the overall dipole moments are equal to zero. Consequently, it is greatly desirable to perform in-depth investigation on these crystals by first-principles method to elucidate the relationship of the NLO effect and dipole moments.
81 Table 7 lists the calculated and experimental linear and NLO properties of all NLO molybdenum tellurites, in which except MTM, CdTM and ZTM-1, the others all belong to polar space group. Clearly, the calculated results are consistent with the available experimental results. Interestingly, all the three nonpolar crystals have large SHG effect, even slightly larger than those of their polar counterpart. The atom-cutting analysis for the nonpolar crystals reveals that although the intrinsic microscopic dipole moment of (TeO 4 ) 4− square pyramid is much larger than that of (MoO 4 ) 2− tetrahedron, the contribution of the former to the SHG coefficients is neglectably small compared with the latter. The results that the crystals (or group) with smaller dipole moment possess the larger SHG effect is contrary to the common belief that the microscopic group with larger second-order susceptibility must have a larger dipole moment.
To elucidate the relationship between the intrinsic dipole moment and SHG effect. We proposed a "flexible dipole model", in which the valence electrons simplified to point charge are bounded between the bonding atoms. A empirical "flexible index" is defined to quantitatively describe the flexibility of the valence bond as follows,
Here the numerator is the bond valence charge (from the bond valence sum model 82 ), where the R a is the average bond length of the group which contributes mostly to the SHG effect, R 0 is a tabulated parameter, expressing the ideal bond length between the bonding atoms and B is an empirical constant representing the variation of bond valence with respect to bond length (typically 0.37Å for the bond connected to oxygen). The denominator is the Coulombic interaction from the atom cores (C a and C b ) to the bond of the valence electrons. The flexibility index describes the ability to form an induced dipole moment when the electrons are subjected to the external perturbation. Figure 13 plots the dependence of the largest SHG coefficient on the flexibility index in the various types and it is clear that the SHG coefficients and the flexibility index are positively correlated. It should be noted that the flexibility index is independent of the intrinsic dipole moment and only the induced dipole moments are considered. Therefore, the results from the "flexible dipole model" demonstrate that the induced dipole moments oscillated by the external field, rather than the intrinsic dipole moments, determine the NLO response.
Conclusions and Outlook
The search for new NLO crystals, particularly in the UV and IR spectral regions, is still very active, even though intensive efforts in this field have been in progress for more than 50 years. The first-principles studies by DFT method have the capability to accurately predict the optical properties in NLO crystals, i.e., energy band gaps, refractive indices, birefringence and SHG coefficients, without any experimental parameter. With the ab initio computational method, the researchers can judge if the synthesized materials are suitable for the practical NLO applications just at the very initial stage of materials discovery. Moreover, the developments of DFT analysis tools make it possible to deeply understand the intrinsic mechanism of optical properties in crystals at the microscopic atomic scale. The thorough elucidation of the structure-property relationship between NLO effects and microstructure are extremely important for the exploration of new NLO crystals with superior performances in high efficiency. It should be emphasized that, apart from the research topics presented in this review, the DFT methods have also been used to investigate other scientific issues in the NLO crystal fields, e.g., to elucidate the influence of impurities and defects on the optical properties 83 and to analyze the Raman spectrum in the crystal-growth process. 84 In fact, besides the NLO crystals, many material fields such as photocatalysts and nano-materials also greatly benefit from the DFT studies. [85] [86] [87] We believe that with the optimization of the computational algorithms and the acceleration of supercomputer speeds, the first-principles research approaches will play a more and more important role in the exploits of many advanced functional materials.
